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Part I - Introduction rare
charm decays



Introduction

Heff ⊃ −
4GF√

2

αe

4π

[ ∑
i=7,9,10,S ,P

(
CiOi + C ′iO

′
i

)
+

∑
i=T ,T5

CiOi

]
,

O7 =
mc

e
(uLσµνcR)Fµν ,

O9 = (uLγµcL)(`γµ`) , O10 = (uLγµcL)(`γµγ5`) ,

OS = (uLcR)(``) , OP = (uLcR)(`γ5`) ,

OT =
1

2
(uσµνc)(`σµν`) ,OT5 =

1

2
(uσµνc)(`σµνγ5`) .

I Primed operators obtained with L↔ R

Similar to b-physics, BUT. . .
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Introduction

EFT at the charm scale de Boer, (2017), PhD thesis, TU Dortmund

What is the difference between b → s and c → u penguins?

I Light quark masses need to be set to
zero at µW

I Effective GIM-mechanism kills C7,9,10

at µW

I C eff
7,9 are induced by RG running to µc

I C10(µc) = 0
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Introduction

2107.13010 2107.13010

I C eff
7 = O(10−3), C eff

9 = O(10−2).

I C
(′)
10 = C

(′)
S = C

(′)
P = 0 and CT = CT5 = 0
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Introduction

Rare charm decays
I D0 → ``

I D+ → π+``

I D+
s → K+``

I D0 → π+π−``

I D0 → K+K−``

I D0 → π0π0``

I Λc → p``

I Ξc → Σ``
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ū ū

s
s̄

c u

`

`

ū ū
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Introduction

I SM contributions dominated by long range dynamics
BSM(D → π`+`−) ≈ B(D → πV (→ `+`−))

I Parametrized by a sum of Breit-Wigner contributions (fit from data)

CR
9 (q2) = aωe

iδω
(

1
q2−m2

ω+imωΓω
− 3

q2−m2
ρ+imρΓρ

)
+

aφe
iδφ

q2−m2
φ+imφΓφ

.

CR
P (q2) =

aηe iδη

q2−m2
η+imηΓη

+
aη′

q2−m2
η′+imη′Γη′
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Introduction

I Parameters in CR
9 , C

R
P are main source of uncertainties

I Process dependent 1909.11108, 1805.08516

aρ/GeV2 aφ/GeV2 aη/GeV2 aη′/GeV2

D+ → π+ ∼ 0.2 ∼ 0.2 ∼ 6× 10−4 ∼ 8× 10−4

D0 → π0 ∼ 0.9 ∼ 0.3 ∼ 5× 10−4 ∼ 8× 10−4

D+
s → K+ ∼ 0.5 ∼ 0.1 ∼ 6× 10−4 ∼ 7× 10−4

D0 → π+π− ∼ 0.7 ∼ 0.3 ∼ 1× 10−3 ∼ 1× 10−3

D0 → K+K− ∼ 0.7 − ∼ 3× 10−4 −

2107.13010

I With more data model parameters (ai , δi ) can be constrained and
the model can be improved.
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Introduction

Resulting differential branching ratios
2107.13010
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Overview null test
strategies

I Rare charm decays observed only at the resonances, for the rest of
the signal region U.L. are available at 90 % C.L. (see 2011.09478)
I B(D0 → µ+µ−) < 6.2× 10−9

I B(D+ → π+µ+µ−) < 6.7× 10−8

I B(D0 → π+π−µ+µ−) < 5.5× 10−7

I B(Λc → pµ+µ−) < 7.7× 10−8

I New results already presented at implications workshop

Direct bounds on WC’s from B(D+ → π+µ+µ−), B(D0 → µ+µ−) imply

I CS ,P . O(0.1) C7, 9, 10,T ,T5 . O(1)

Marcel Golz Implications Workshop 2021 10th November 2021 11 / 24
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Overview null test
strategies

NP searches in branching ratios are challenging.
Instead define null test observables where

Signal ↔ NP

I Angular observables

I CP–asymmetries

I LFV

I LU ratios

I Dineutrino modes
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2010.02225
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Part II -
Null test observables



Forward-backward
asymmetry

Λc → pµ+µ− decay distribution:
dΓ

dq2d cos θ`
= 3

2 (K1ss sin2 θ` + K1cc cos2 θ` + K1c cos θ`) ,

AFB =
1

dΓ/dq2

[∫ 1

0
−
∫ 0

−1

]
dΓ

dq2d cos θ`
d cos θ` =

3

2

K1c

2K1ss + K1cc
.

K1c∼ C9C10, C
′
9C
′
10 and C

(′)
7 C

(′)
10 interference terms ⇒ no SM.

Complementary results in D → Pµ+µ−(Normalized to integrated rate)

2107.13010

1909.11108
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Forward-backward
asymmetry

Normalization matters

I ÃFB = 3
2

K1c
Γ with Γ =

∫ q2
max

q2
min

(2K1ss + K1cc)

I AFB = 3
2

K1c
dΓ/dq2 with dΓ/dq2 = 2K1ss + K1cc

I Resonance enhancement

2107.13010 2107.13010
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FL

Fraction of longitudinally polarized dimuons

FL =
2K1ss − K1cc

2K1ss + K1cc

No null test, but cancellation of hadronic uncertainties in the SM and
highly sensitive to C

(′)
7 .

2107.13010 2107.13010

2107.13010 2107.13010
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CP–asymmetries

ÃCP(q2) =
1

Γ + Γ

(
dΓ

dq2
−

dΓ

dq2

)
with Γ =

∫ q2
max

q2
min

dΓ

dq2
dq2 or ACP(q2) =

dΓ
dq2 −

dΓ
dq2

dΓ
dq2 + dΓ

dq2

I Strong phase from resonances needed→ measurement around the φ resonance. S. Fajfer and N. Kosnik 1208.0759

I NP weak phase needed. → benchmark C9 = 0.5 exp(iπ/4).

I Binning necessary.

2107.13010
2107.13010
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Part III -
Dineutrino modes



Dineutrino modes

SU(2)–link relating dineutrino and dilepton modes

I SU(2)L × U(1)Y -invariant effective theory (1008.4884)

LLO
SMEFT ⊃

C
(1)
`q

v2
Q̄γµQ L̄γµL +

C
(3)
`q

v2
Q̄γµτ

aQ L̄γµτ aL +
C`u

v2
ŪγµU L̄γµL +

C`d

v2
D̄γµD L̄γµL

I CP
A and KP

A matched via SU(2)L-components in gauge basis

CU
L = KD

L = C
(1)
`q + C

(3)
`q CU

R = KU
R = C`u

CD
L = KU

L = C
(1)
`q − C

(3)
`q CD

R = KD
R = C`d

I going to mass basis: Qα =
(
uLα, VαβdL β

)
, Li =

(
νL i , W

∗
ki `L k

)
(V : CKM, W : PMNS)

CUL = W †KD
L W +O(λ), CUR = W †KU

R W

Marcel Golz Implications Workshop 2021 10th November 2021 19 / 24
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Dineutrino modes

Link dineutrino to charged dilepton modes via
SU(2)L in SMEFT2007.05001, 2010.02225

B ∝
∑
ν=i ,j

(
|CUij

L

∣∣2 + |CUij
R

∣∣2) = Tr
[
CUL CU†L + CUR CU†R

]
= Tr

[
KD

L KD†
L +KU

RKU†
R

]
+O(λ) =

∑
`=i ,j

(
|KDij

L

∣∣2 + |KUij
R

∣∣2)+O(λ)

I SU(2) relates up, down, neutrinos and charged leptons.

c → u `+`− −−−−−→ c → u νν̄ ←−−−−− s → d `+`−

? Independent of PMNS matrix and subleading O(λ) corrections!
? Prediction of dineutrino rates for different leptonic flavor
structures Kij

L,R can be probed with lepton-specific measurements!
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Dineutrino modes

Possible leptonic flavor structures for Kij
L,R

i) Lepton-universality (LU). k 0 0
0 k 0
0 0 k


ii) Charged lepton flavor conservation (cLFC). k11 0 0

0 k22 0
0 0 k33


iii) Kij

L,R arbitrary.  k11 k12 k13

k21 k22 k23

k31 k32 k33


Marcel Golz Implications Workshop 2021 10th November 2021 21 / 24



Dineutrino modes

Upper limits on dineutrino modes can probe lepton unversality!
I Bounds on lepton specific WCs for `, `′ = e, µ, τ .2003.12421, 2002.05684

|KP``′
A | ee µµ ττ eµ eτ µτ

s → d |KD``′
L | 3.5 1.9 6.7 2.0 6.1 6.6

c → u |KU``′
R | 2.9 1.6 5.6 1.6 4.7 5.1

I B ∝ x =
∑

`,`′

(
|KD``′

L

∣∣2 + |KU``′
R

∣∣2)+O(λ) =
∑

`,`′ R
``′ +O(λ)

x = 3 Rµµ . 34 , (Lepton Universality)

x = Ree + Rµµ + Rττ . 196 , (charged Lepton Flavor Conservation)

x = Ree + Rµµ+ Rττ + 2 (Reµ + Reτ + Rµτ ) . 716.

LU is fixed by the most stringent bound (muons) and the O(λ) corrections are included
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Dineutrino modes
B(hc → F νν̄) = Ahc F

+ x+ + Ahc F
− x−, x± =

∑
i,j
|CUij

L ± C
Uij
R |

2
< 2 x .

Ni = ηeff Bi N(hc ), N(cc̄)Belle II = 65 · 109 for 50 ab−1, N(cc̄)FCC-ee = 550 · 109.

hc → F Bmax
LU Bmax

cLFC Bmax Nmax
LU /ηeff Nmax

cLFC/ηeff Nmax/ηeff

[10−7] [10−6] [10−6]

D0 → π0 6.1 3.5 13 47 k (395 k) 270 k (2.3 M) 980 k (8.3 M)
D+ → π+ 25 14 52 77 k (650 k) 440 k (3.7 M) 1.6 M (14 M)
D+
s → K+ 4.6 2.6 9.6 6 k (50 k) 34 k (290 k) 120 k (1.1 M)

D0 → π0π0 1.5 0.8 3.1 11 k (95 k) 64 k (540 k) 230 k (2.0 M)
D0 → π+π− 2.8 1.6 5.9 22 k (180 k) 120 k (1.0 M) 450 k (3.8 M)
D0 → K+K− 0.03 0.02 0.06 0.2 k (1.9 k) 1.3 k (11 k) 4.8 k (40 k)

Λ+
c → p+ 18 11 39 14 k (120 k) 82 k (700 k) 300 k (2.6 M)

Ξ+
c → Σ+ 36 21 76 28 k (240 k) 160 k (1.4 M) 590 k (5.0 M)

D0 → X 12 6.8 25 91 k (770 k) 520 k (4.4 M) 1.9 M (16 M)
D+ → X 30 17 63 94 k (800 k) 540 k (4.6 M) 2.0 M (17 M)
D+
s → X 13 7.3 27 17 k (140 k) 95 k (810 k) 350 k (2.9 M)

(EFT breakdown) > Bmax (LFV)> Bmax
cLFC (LU violation)> Bmax

LU
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Outlook

I Rare charm decays are dominated by long-distance resonance
contributions

I NP can be probed in clean null test observables

I Null test observables make use of resonance enhancement

I Collaborative partnership between theory and experiment enables
improvements in future predictions
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Baryon branching
ratios

2107.13010
I LHCb upper limit at 90 % C.L. with
±40 MeV cuts around known
resonance masses, then extrapolated
to full q2 region

BLHCb(Λc → pµ+µ−) < 7.7× 10−8

I Including form factor and resonance uncertainties and integrating the LHCb search region

BSM(Λc → pµ+µ−) = (1.9+1.8
−1.5)× 10−8

BSM(Ξ+
c → Σ+µ+µ−) ∼ 1.8× BSM(Λc → pµ+µ−)

BSM(Ξ0
c → Σ0µ+µ−) ∼ 0.4× BSM(Λc → pµ+µ−)

BSM(Ω0
c → Ξ0µ+µ−) ∼ 1.3× BSM(Λc → pµ+µ−)
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A note on form
factors

I Form factors are availbale for Λc → pµ+µ− from Lattice QCD
(see 1712.05783)

I No results for other decay modes (from the lattice) available yet.

I Use SU(3)F flavor symmetries to relate modes

s ↔ d
U-spin”=”

u ↔ d
isospin

” 1√
2

”

s ↔ d
U-spin

” 1√
3

”

no direct link
different SU(3)F multiplet

Λc → p``

Ω0
c → Ξ0``

Ξ+
c → Σ+``

Ξ0
c → Σ0`` Ξ0

c → Λ0``
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Lepton flavor
violation

2107.13010

0 1 2
q2 [GeV2]

10−16

10−14

10−12

10−10

10−8

d
B

(D
+
→

π
+
e±
µ
∓

)
/

d
q2

[G
eV
−

2
]

LQ S1,2

RPV SUSY I

RPV SUSY II

Z ′ Scenario 2

Z ′ Scenario 1

LQ’s (K ′9 = K ′10 = 0.5),
SUSY + R-parity violation (K9 = −K10 = 0.009),
SUSY no R-parity violation (K9 = −K10 = 0.001),
Z ′ 1 (K9 = K ′9 = −K10 = −K ′10 = 1.4 · 10−4),
Z ′ 2 (K9 = K ′9 = −K10 = −K ′10 = 2.3 · 10−4).
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ACP
FB for baryons

2107.13010 2107.13010

2107.13010
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Angular observables
in D → P``

1909.11108 1909.11108

1909.11108

1909.11108
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LU ratios

RD
π =

∫ q2
max

q2
min

dB(D → πµ+µ−)

dq2
dq2
/∫ q2

max

q2
min

dB(D → πe+e−)

dq2
dq2

RD
π SM |C9| = 0.5 |C10| = 0.5 |C9| = ±|C10| = 0.5

full q2 1.00±O(%) SM-like SM-like SM-like

low q2 0.95±O(%) O(100) O(100) O(100)

high q2 1.00±O(%) 0.2 . . . 11 3 . . . 7 2 . . . 17

1909.11108

2107.13010

1805.08516
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Angular coefficients
in D0 → h+h−µ+µ−

d5Γ

dq2dp2d cos θµd cos θhdφ
=

(enter B) I1 + I2 · cos 2θµ

+I3 · sin2 θµ cos 2φ+ I4 · sin 2θµ cosφ

(Null tests) + I5 · sin θµ cosφ+ I6 · cos θµ + I7 · sin θµ sinφ

+ I8 · sin 2θµ sinφ+ I9 · sin2 θµ sin 2φ

Note:

I Ii = Ii (q
2, p2, cos θh)

I I1, 2, 3, 4, 7 CP–even

I I5, 6, 8, 9 CP–odd

Strategy:

I Measure p2, cos θh integrated and
1/Γ normalized 〈Ii 〉(q2)

I Measure D0 and D0 seperately
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Angular coefficients
in D0 → h+h−µ+µ−

I Define asymmetries Ai = 2 Ii−Ii
Γ+Γ

= Ii−Ii
Γave

I Caution with Ii being
CP–even or CP–odd

I 〈I5, 6, 7〉SM = 0

I ASM
i = 0 for i = 2, . . . , 9

I Resonance enhancement!

1805.08516
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Dineutrino details

Upper limits on x from high-pT
CU12
L = W †KD12

L W+ λW †(KD22
L −KD11

L )W +O(λ2) , CU12
R = W †KU12

R W

|K̄P``′
A | ee µµ ττ eµ eτ µτ

d → d
∣∣KD11``

′

L,R

∣∣ 2.8 1.5 5.5 1.1 3.3 3.6

s → s
∣∣KD22``

′

L,R

∣∣ 9.0 4.9 17 5.2 17 18

s → d |K̄D12``
′

L,R | 3.5 1.9 6.7 2.0 6.1 6.6

c → u |K̄U12``
′

L,R | 2.9 1.6 5.6 1.6 4.7 5.1

(2003.12421), (2002.05684)

ee µµ ττ eµ eτ µτ

R``
′

21 6.0 77 6.6 59 70

δR``
′

19 5.4 69 5.7 55 63

r ``
′

39 11 145 12 115 133

with r ``
′
= R``

′
+ δR``

′

R``
′

=
∣∣KD12``

′

L

∣∣2 +
∣∣KU12``

′

R

∣∣2 ,
R``
′
± =

∣∣KD12``
′

L ±KU12``
′

R

∣∣2 ,
δR``

′
= 2λ<KD12``

′

L KD22``
′

L

∗
−KD12``

′

L KD11``
′

L

∗

x =
∑
`, `′

(
R``
′

+ δR``
′)

, x± =
∑
`, `′

R``
′
±

construct bounds on x =
x++x−

2
, with x± ≤ 2 x ,

x = 3 rµµ . 34 , (LU)

x = r ee + rµµ + rττ . 196 , (cLFC)

x = r ee + rµµ+ rττ+ 2 (r eµ + r eτ + rµτ ) . 716 .
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